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CC BY-NC-ND license (http://creativeAbstract The intervertebral disc (IVD) comprises a gelatinous inner core (nucleus pulposus;
NP) and concentric rings (annulus fibrosus; AF). The NP, an important structure for shock ab-
sorption in the vertebrate spinal motion segment, can be traced back to the notochord in onto-
genetic lineage. In vertebrates, the notochord undergoes mucinoid changes, and had been
considered vestigial until recently. However, observed correlations between IVD degeneration
and back pain in humans have renewed interest in the IVD in biomedical fields.
Beyond its mechanical contribution to development, the notochord is also an essential
signaling center, which coordinates formation of the neural tube and somites. The pertinent
signaling molecules, particularly TGF-b and bone morphogenetic proteins (BMPs), continue
to play roles in the adult tissues and have been utilized for tissue regeneration. Genetic factors
are major determinants of who will develop IVD degeneration and related back pain, and seem
to correlate better with disc degeneration and back pain than do external forces on the spine.
In summary, the spinal column is a landmark development in evolution. Genes directing the
development of the IVD may also contribute to its maintenance, degeneration, and regenera-
tion. Likewise, structural genes as well as genes responsible for maintenance of the structurechael J. Crescenz Veterans Affairs Medical Center, Philadelphia, PA, USA.
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172 J.W. Ashley et al.are related to IVD degeneration. Finally, genes responsible for inflammation may play a dual
role in exacerbating degeneration or facilitating repair responses depending on the context.
Copyright ª 2016, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).“It’s a Long Way from Amphioxus” was originally recor-
ded by Sam Hilton and is the official theme song for the
Biological Sciences Collegiate Division at The University
of Chicago.
“A fish-like thing appeared among the annelids one day.It hadn’t any parapods nor setae to display.It hadn’t any eyes nor jaws, nor ventral nervous cord,But it had a lot of gill slits and it had a notochord.
It wasn’t much to look at and it scarce knew how to
swim,And Nereis was very sure it hadn’t come from him.The mollusks wouldn’t own it and the arthropods got
sore,So the poor thing had to burrow in the sand along the
shore.
He burrowed in the sand before a crab could nip his tail,And he said “Gill slits and myotomes are all to no avail.I’ve grown some metapleural folds and sport an oral
hood,But all these fine new characters don’t do me any good.”
He sulked awhile down in the sand without a bit of pep,Then he stiffened up his notochord and said, “I’ll beat
’em yet!Let ’em laugh and show their ignorance. I don’t mind
their jeers.Just wait until they see me in a hundred million years.
My notochord shall turn into a chain of vertebraeAnd as fins my metapleural folds will agitate the sea.My tiny dorsal nervous cord will be a mighty brain,And the vertebrates shall dominate the animal domain.”Intervertebral disc development
Notochord development predates vertebrate
development
The intervertebral disc (IVD) comprises a gelatinous inner
core (nucleus pulposus; NP) and concentric rings (annulus
fibrosus; AF). The NP, an important structure for shockabsorption in the vertebrate spinal motion segment, can be
traced back to the notochord in ontogenetic lineage.1 The
notochord is believed to have first appeared in Amphioxus,
a relict fish-like organism also known as a lancelet. The
notochord in Amphioxus is a semi-flexible rod that stiffens
the body and provides resistance to muscle contraction,
which makes coordinated movements possible. Because of
its mechanical properties, the notochord also serves to
store energy for subsequent muscle contractions. In ver-
tebrates, the notochord undergoes mucinoid changes, and
had been considered vestigial until recently. However,
recent studies on the biomechanical and biochemical
function of the notochord have revealed that the IVD is an
important structure,2 especially because IVD degeneration
often correlates with back pain in humans.3
In vertebrates, the notochord is replaced by the verte-
bral column of the spine. The notochord transforms into the
NP of the intervertebral disc, and in this new form con-
tinues to conserve energy during compression and, acting in
concert with other disc substructures e the AF and the
cartilaginous end plates e facilitates spinal motion. In
addition to its biomechanical functions, the notochord
serves as an important signaling center during develop-
ment. Thus, in the first part of this review, we will discuss
signaling functions of the notochord. This is of special
relevance to current efforts to regenerate the interverte-
bral disc, since many related secreted factors have been
utilized in attempts to direct various cells, including stem
cells, towards an IVD cell-like phenotype.
The spinal column is the defining structure of the
vertebrate body, and defects in this structure are either
incompatible with life or result in serious disabilities (e.g.,
spina bifida). Even minor variations result in serious con-
sequences. For example, genetic abnormalities leading to
variations in cervical vertebra number can result in serious
consequences, including miscarriage or childhood cancer.4
Therefore, in the second part of this review, we will
discuss genetic polymorphisms of extracellular matrix
genes in the IVD and their remodeling enzymes; many of
these polymorphisms are related to increased disc degen-
eration, and a few of them are protective (resulting in less
degeneration).Vertebral column development
The anatomic position of the spine is specified early in
development, shortly after gastrulation. HOX genes (also
known as homeotic box genes) encode homeodomain pro-
teins, which are highly conserved across vast evolutionary
distances and are key transcription factors controlling
anterior-posterior body patterning and vertebra number.5
For example, most vertebrates have 7 cervical
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mesoderm, and endoderm, the notochord forms from the
mesoderm at the cranial end of the embryo and extends
towards the caudal end.6 The notochord defines the midline
of the developing embryo as well as the dorsaleventral and
lefteright axes.7 The notochord consists of epithelial-like
outer sheath cells that produce a membrane composed
primarily of type II collagen that isolates the notochord
from the surrounding mesoderm, and an inner cell layer
populated by large, vacuolated cells. The inner notochord
cells absorb water, because of osmotic pressure exerted by
vacuole glycosaminoglycans, and so increase in size. The
mechanical interaction between the swollen inner noto-
chord cells and the outer sheath-derived basement mem-
brane results in the notochord’s rigidity, which contributes
to embryonic folding later in development.Fig. 2. Formation of the annulus fibrosus (AF; yellow) from
sclerotome-derived cells and Nucleus Pulposus (NP; blue)
from notochord-derived cells. As sclerotome-derived cells
migrate around the notochord, cells of the notochord continue
to secrete SHH and fibroblast growth factor (FGF) to drive
endochondral ossification of the vertebral body. At the same
time, matrix of the notochord outer sheath matures to form
the intervertebral disc AF while inner notochord cells form NP.Signaling functions of the notochord, and
intervertebral disc (IVD) development
Beyond its mechanical contribution to development, the
notochord is also an essential signaling center, which co-
ordinates formation of the neural tube (precursor to the
brain and spinal cord) and somites (musculoskeletal pre-
cursors; Fig.1). The notochord signals to surrounding em-
bryonic tissue primarily via secreted signaling molecules.
One primary molecule is Sonic Hedgehog (Shh), which acts
on target cells through interaction with its receptor
Patched (Ptch), to activate the Gli family of transcription
factors. Shh specifies the floor plate of the neural tube and,
critically for development of the axial skeleton, temporally
regulates formation of the somites from the paraxial
mesoderm.7,8
Specific regions of the somites themselves give rise to
skeletal muscle (myotome), dermis (dermatome), and the
AF with adjacent vertebral bodies (sclerotome; Fig.2).
During formation of the vertebral bodies, the cranial half
and caudal half of adjacent sclerotomes fuse, extend to-
wards the midline, and mineralize via endochondral ossifi-
cation. As discussed above, HOX genes determine the
number and identity of the developing vertebral bodies.5
Two models offer explanations for inner notochord cellFig. 1. Reciprocal communication between the sclerotome a
release sonic hedgehog (SHH) and noggin (NOG) which facilitate
sclerotome. The sclerotome, in turn, governed by SOX9, PAX1, and
proteins (BMPs) and transforming growth factor-b (TGF-b) which dlocalization following vertebral body formation. According
to the “pressure model,” as the sclerotome halves on either
side of the notochord grow towards the midline, they exert
pressure on the outer notochord sheath, which forces the
notochord inner cell population out of the vertebral bodies
and into the space between the vertebrae.9,10 The
“repulsion/attraction” model posits that chemoattractant
and/or chemorepellent factors within the site of the pre-
sumptive intervertebral disc drive notochord cells into the
intervertebral space; Eph/ephrin and Robo/Slit signaling
pathways have been implicated in this mechanism.10 As the
vertebral bodies form, other progenitors of the sclerotome
migrate into the presumptive intervertebral space and form
a dense matrix of fibronectin, which aligns the presumptive
AF layers and fibroblast like cells which produce a matrix of
collagens, including types I, II, III, and IV, in lamellar layersnd notochord. During development, cells of the notochord
segmentation of the somites into dermatome, myotome, and
HOX family transcription factors, releases bone morphogenetic
irect matrix development within the notochord.
174 J.W. Ashley et al.around the remnants of the notochord.11,12 The
proteoglycan-rich notochord remnants form the nucleus
pulposus (NP).1 The development of the spine and inter-
vertebral discs is coordinated by interplay between multi-
ple signaling factors. Shh, described above, in addition to
mediating direct effects, also alters cellular responses to
Bone Morphogenetic Proteins (BMPs) to promote chondro-
genesis of the nascent disc, a process supported further by
Transforming Growth Factor-b (TGF-b) from the sclerotome
and Noggin (Nog) from the notochord. Beyond specifying
cell lineages, these molecules, particularly TGF-b and
BMPs, continue to play roles in the adult and have been
employed in tissue regeneration.13
Genes important for intervertebral disc (IVD)
development
Genes important for IVD development are often required
for survival of the organism, as illustrated by embryonic
lethality following mutations of these genes (Table 1).
Thus, neither animals nor humans with naturally occurring
mutations are frequently observed. Because regeneration
or repair processes often recapitulate development, genes
and signaling molecules of development are often consid-
ered as a means to repair the IVD. These factors are also
frequently used to stimulate cells in order to direct them
into a more “IVD-like” phenotype, and/or to stimulate
desirable extracellular matrix production.
Disease-related genetic polymorphisms
Genes associated with human IVD degeneration
Genetic factors are major determinants of who will
develop IVD degeneration and related back pain, and seemTable 1 Genes important for intervertebral disc development.
Protein (Gene) Embryonic
source tissue(s)
Contribution t
Sonic Hedgehog (SHH ) Notochord Notochord she
nucleus pulpo
chondrogenic
sclerotome ce
Homeodomain protein (HOX ) Somite Patterning
SRY-Box 9 (SOX ) Sclerotome Regulates som
differentiation
Forkhead Box A1/2 (FOXA1/2) Notochord Notochord she
nucleus pulpo
Paired Box 1 (PAX1) Sclerotome Chondrogenes
cells
Noggin (NOG) Notochord Antagonizes B
promotes Shh
activation.
Transforming Growth
Factor-b (TGFB)
Sclerotome Vertebral bod
Bone morphogenetic
protein (BMP) family
Sclerotome In the presenc
chondrogenes
derived disc pto correlate better with disc degeneration and back pain
than do external forces on the spine.25 Genetic modula-
tions associated with human disc degeneration or back pain
were separated according to the functions of the genes
(e.g., structural, enzymes cleaving extracellular matrix
molecules, inflammatory mediators) as described by
Tegeder and Lotsch26 and Yee and Chan27 (Tables 2 and 3).
It is worth noting that most of the studies listed below in
Table 2 have not been replicated or the study cohorts were
small, and thus the studies were mostly under-powered.
Furthermore, the effect sizes are relatively small, with
odds ratios in the order of 1.3e1.8. Finally, most of the
published studies were based on a candidate genes
approach, and thus, it was not surprising that many
extracellular matrix, inflammation and matrix degradation
genes were studied. Therefore, the data should be inter-
preted carefully. There were only two unbiased studies,
which identified carbohydrate sulfotransferase 3 (CHST3)43
and parkin RBR E3 ubiquitin protein ligase (PARK2).46 Given
the principal role of the IVD (to withstand high biome-
chanical stress), defects in structural genes (types I, IX and
XI collagen and aggrecan) unsurprisingly often lead to poor
biomechanical properties and premature disc degeneration
(Table 2).
Genes known to modify extracellular matrix, such as
Thrombospondin2 (THBS2), Vitamin D Receptor (VDR),
carbohydrate sulfotransferase 3 (CHST3) and Growth Dif-
ferentiation Factor (GDF)-5 are also included in this table
(Table 2). Asporin (ASPN) and GDF5 are interesting from the
perspective that mutations in these genes are also risk
factors for osteoarthritis, as the disc resembles diarthrodial
joints.47
Likewise, overactive matrix-degrading enzymes may also
compromise integrity of the IVD and lead to premature disc
degeneration through the breakdown of disc structural
components (Table 3). For example, Matrixo disc development References
ath formation,
sus formation,
commitment of
lls.
Choi et al and Murtaugh et al1,14e16
Pearson et al5
ite stem cell
into chondrocytes
Zhoa et al and Sugimoto et al17,18
ath formation,
sus formation
Maier et al19
is of sclerotome Peters et al20
MP signaling,
signaling and Pax1
McMahon et al and Wijgerde et al21,22
y formation Baffi et al and Sohn et al23,24
e of Shh, promotes
is of sclerotome-
rogenitors.
Murtaugh et al15
Table 2 Extracellular matrix and matrix-modifying gene polymorphisms associated with intervertebral disc degeneration.
Protein (Gene) Disc degeneration or pain Increase in
pathology, or
protective
References
Collagen IX (COL9A2) Disc degeneration
and radicular pain
Increase Annunen et al, Seki et al and
Knoeringer et al28e30
Collagen IX (COL9A3) Disc degeneration Increase Paassilta et al and Toktas et al31,32
Collagen XI (COL11A1) Disc degeneration Increase Mio et al33
Collagen XI (COL11A2) Disc degeneration Protective Noponen-Hietala et al34
Collagen I (COL1A1) Disc degeneration
and osteoporosis
Increase Toktas et al and Pluijm et al32,35
Aggrecan (ACAN ) Disc degeneration Increase with
short variable
number of
tandem repeats
Solovieva et al and Kawaguchi et al36,37
Cartilage intermediate
layer protein (CILP)
Disc degeneration Increase Seki et al38
Asporin (ASPN ) Disc degeneration Increase Song et al39
Thrombospondin2 (THBS2) Disc Herniation Increase Hirose et al40
Vitamin D Receptor (VDR) Disc degeneration
and osteoporosis
Increase Toktas et al, Videman et al and
Kawaguchi et al32,41,42
Carbohydrate sulfotransferase
3 (CHST3)
Disc degeneration Increase Song et al43
Growth Differentiation Factor
5 (GDF5)
Disc degeneration Increase Williams et al and Mu et al44,45
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associated with IVD degeneration and Modic changes.48
Modic changes were defined by Modic et al as vertebral
body changes seen on magnetic resonance (MR) images,53
likely in response to biomechanical changes with IVD
degeneration.
Inflammatory cytokines such as interleukin (IL)-1b may
inhibit extracellular matrix production and increase
catabolism, and, thus, decrease the total amount of
extracellular matrix.54 Furthermore, inflammatory cyto-
kine/chemokine levels are found to be elevated in IVD
tissues from patients with back pain.55 Similarly, poly-
morphisms in cytokines associated with disc degeneration
and back pain may play significant roles in both loss of IVD
tissue integrity and pain generation (Table 3).
The clinical relevance of the IVD tissue is the debilitating
effects of back pain related to disc degeneration.Table 3 Polymorphism of genes encoding extracellular matrix
with intervertebral disc degeneration.
Protein (Gene) Disc degeneration o
Matrix Metalloproteinase (MMP3) Disc degeneration a
Matrix Metalloproteinase (MMP9) Disc herniation
Interleukin-1 receptor antagonist (IL1RN ) Disc degeneration a
Interleukin-1a (IL-1A) Disc degeneration a
Interleukin-1b (IL-1B) Disc degeneration a
Interleukin-6 (IL-6) Disc degeneration a
Cyclooxygenase-2 (PTGS2) Failure of NSAID anaUnderstanding the mechanism(s) of disc degeneration and
related pain is critically important for developing strategies
to repair the degenerating disc and thus to reduce pain. For
example, the IVD cells are capable of producing multiple
chemokines such as IL-8, IL-7 and IL-10,55 chemokine
regulated on activation, normal T cell expressed and
secreted (RANTES) and cytokines IL-1b56 and TNF-a,57 thus
playing a role in pain generation. The outer one-third of the
posterior AF is innervated, and nerve ingrowth occurs with
degeneration, demonstrating an anatomical basis for dis-
cogenic pain.58 On a positive note, IVD stem cells persist
into adulthood,59,60 providing a potential mechanism for
self-regeneration.
In summary, the spinal column is a landmark develop-
ment in evolution. The intervertebral discs in total account
for about 1/3 of the vertebral column length in humans,
and permit spinal mobility. Genes directing the-degrading enzymes and inflammatory mediators associated
r pain Increase in
pathology,
or protective
References
nd Modic changes Increase Karppinen et al48
Increase Hirose et al40
nd back pain Increase Solovieva et al49,50
nd back pain Increase Solovieva et al49,50
nd back pain Increase Solovieva et al49,50
nd radicular pain Increase Noponen-Hietala et al51
lgesia e Skarke et al52
176 J.W. Ashley et al.development of the IVD may also contribute to its main-
tenance, degeneration, and, potentially, regeneration.
Likewise, structural genes as well as genes responsible for
maintenance of the structure are related to IVD degener-
ation. Genes responsible for inflammation may also play a
dual role in repair responses to injury, and thus may be
crucial for the long-term health of the IVD, as well as
linking disc structural deterioration to back pain.
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